Vibrational strong coupling (VSC) has recently emerged as ac ompletely new tool for influencing chemical reactivity.I th arnesses electromagnetic vacuum fluctuations through the creation of hybrid states of light and matter,called polaritonic states,i na no ptical cavity resonant to am olecular absorption band. Here,weinvestigate the effect of vibrational strong coupling of water on the enzymatic activity of pepsin, where aw ater molecule is directly involved in the enzymes chemical mechanism. We observe an approximately 4.5-fold decrease of the apparent second-order rate constant k cat /K m when coupling the water stretching vibration, whereas no effect was detected for the strong coupling of the bending vibration. The possibility of modifying enzymatic activity by coupling water demonstrates the potential of VSC as anew tool to study biochemical reactivity.
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Vibrational strong coupling entails the formation of hybrid light-matter states,o rp olaritonic states,b yp lacing am olecular species in ap hotonic cavity resonant to one of its vibrational absorption bands under the right conditions ( Figure 1A ). [1] [2] [3] [4] [5] Ar esonant cavity is as tructure which confines light spatially at well-defined frequencies,f or example,t wo parallel mirrors facing each other form aFabry-Perot cavity (Figure 1Band Supporting Information, Figure 1 . Vibration strong coupling and pepsin. A) Schematic outline of strong light-matter interaction with molecular vibrations.I nanon resonancec avity where " hw vibr = " hw cavity ,the ground and first excited state of avibration will combine with the photon numbers tate of the photonic cavity to produce two new polaritons tates, P + and PÀ, separated by the vacuum Rabi splitting " hW R .B )Schematic drawing of the microfluidic cavities used here for studying pepsin-mediated peptide hydrolysis under VSC of the water mid-infrared bands. C) Mechanistic model of peptide bond cleavage in the active site of pepsin based on ref. [8] . Figure S1 ). Ther esulting polaritonic states are collective, involving all the molecules coupled to the resonant cavity mode.I nt he absorption spectrum, the emergence of strong coupling is manifested by the splitting of the molecular absorption and cavity peak into two new polariton peaks, conventionally denoted P + and PÀ,s eparated at resonance by the vacuum Rabi splitting " hW R ( Figure 1A ). To enter the strong coupling regime,t he molecular vibration and cavity need to exchange energy between them at ar ate that corresponds to the Rabi frequency W R ,w hich exceeds the rate of losses in the system. This can be met for molecules with strong infrared transitions at high concentrations inside acavity.F or arecent perspective oriented towards molecular and material science,t he reader is referred to ref. [3] .F or af urther discussion of the physics of quantum strong lightmatter interaction, please see refs. [7] .
Although the phenomenon and the theory of strong lightmatter coupling has been explored for several decades, [3, 7] the idea that this could influence material properties was only very recently realized. [1, 2, 5] Vibrational strong coupling can be utilized to slow down or speed up organic reactions and even alter the yield ratio of two competing deprotection reactions on ag iven molecule. [1] More importantly,b ecause the formation of polaritonic states involves the zero-point energies of the cavity and the vibrational transition, it occurs even in the dark. [3, 7] This makes it very distinct from traditional photochemistry or previous work in mode-selective chemistry with infrared lasers. [9] Them odification of properties under strong light-matter interactions is not limited to non-biological samples.I ti s entirely possible to couple biological chromophores [10] or vibrations of proteins [6] to Fabry-Perot cavities.H owever, functional consequences or biologically relevant applications have not been reported so far. Here,wepresent the effects of vibrational strong coupling of the liquid-water environment via its two absorption bands in the mid-infrared on the enzyme pepsin and show that VSC of the stretching modes of water slows down its proteolytic activity.P epsin (M w = 35 kDa) is ad igestive protease that has long served as am odel for the class of aspartic proteases. [8] Its catalytic mechanism rests on the presence of apair of essential aspartic acid residues in the active site that work in aconcerted way to activate aw ater molecule as an ucleophile for attack on the carbonyl carbon of ascissile amide bond ( Figure 1C ). [8] From ak inetic perspective,p epsin can be described by as imple Michaelis-Menten model:asingle substrate-binding step followed by as ingle chemical step.
Thec hoice to strongly couple the water OH stretching modes was motivated by several reasons.A lthough the amide Iband of aprotein can be strongly coupled, [6] measuring enzyme activity with either the substrate or the enzyme strongly coupled is extremely impractical. It would require either of these species to be present at concentrations in the high mm range at least. [1] Instead, we decided to strongly couple water, which has two prominent absorption peaks in the IR, namely the broad OH stretching absorption band centered around 3367 cm À1 and the bending mode at 1642 cm À1 . [11, 12] Because water plays the dual role of reactant (pepsin is ahydrolase) [7] and amedium needed for the correct folding and function of pepsin, [10] [11] [12] [13] [14] it is very intriguing to see the effects of VSC of water on enzyme activity.
We first demonstrate the strong coupling of water as shown in Figure 2 . We chose to use the final solution with the complete reaction mixture to be in the exact conditions of the kinetic experiments to follow.F igure 2i llustrates the case when we target the OH stretching peak at 3367 cm À1 (FWHM = 409 cm À1 ). This is ac omposite peak of the symmetric and antisymmetric stretching modes of water inhomogeneously broadened by H-bonding. It should be noted that the solutes (buffer, enzyme,and substrate) are not visible in the IR spectrum due to their low concentrations (see Figure S1 Di nt he Supporting Information for the total IR Figure 2 . Vibrational strong coupling of the water OH stretching mode. A) Infrared transmission spectrum of acavity containing areaction mixture with pepsin and on-resonance at normal incidence. Overlay with the water absorption coefficient(i.e. the imaginary part of the complex refractive index;l ight blue curve). B) Angle-dependent dispersion measurement. The cavity was tuned to resonanceat0 8 8 or k // = 0w ith measured vacuum Rabi splitting of 693 cm À1 .Circles: measured upper and lower polariton energies. Line:fit with acoupled oscillator model including the anti-resonant and dipolar self-energy terms. [15] . absorption spectrum). As in earlier work on chemical reactivity,t he cavity is constructed with two Au mirrors on CaF 2 windows coated with at hin PMMA (polymethylmethacrylate) layer and separated with approximately 7 mmt hick Mylar spacer in ac ommercial IR transmission cell assembly (Supporting Information, Figure S1 A,B). TheP MMA layers serve to insulate the Au mirrors from any chemical effects.As expected, the transmission spectrum of the empty cavity consists of series of regularly spaced peaks separated by afree spectral range of 595 to 680 cm À1 (Supporting Information, Figure S1 C). After injecting the reaction mixture,the spectral signature of the strong coupling of OH stretching band at normal incidence becomes apparent as shown in Figure 2A . Thespectral region of the stretching vibration now comprises ag ap flanked by two new polaritonic peaks,n oticeably sharper than the original cavity modes and the bare absorption band. TheP-peak has alower intensity compared the P + peak because of the higher absorption of water and Au in the P-region (the water stretching band is slightly asymmetric). [11] To characterize the cavities,weextrapolate the coupled cavity mode position from one of the uncoupled cavity modes in the 5700-6300 cm À1 region (typical the 12th order mode) where water shows no absorption bands.E xamining further the angle-dependent dispersion and cavity detuning behaviour of our system ( Figure 2C and Supporting Information, Figure S2) , we note in both cases the typical signature of strong coupling:d ispersion of both upper and lower polariton branches with anti-crossing at the bare absorption peak position. It is important to note that the kinetic data, presented further down, is collected for cavities tuned at normal incidence.
Thev acuum Rabi splitting of the on-resonance cavity shown in Figure 2A is 703 cm À1 or about 21 %o ftheb are transition energy.The fact that this value is larger than either the OH stretching (FWHM = 409 cm À1 )o rc avity mode (FWHM = 50-55 cm À1 )l inewidths constitutes further evidence for as trong light-matter interaction. Theh igh value of vacuum Rabi splitting relative to bare OH stretch transition energy indicates that the system is in the ultrastrong coupling regime (USC). Thevalue found here is similar to earlier work on USC of Fe(CO) 5 and CS 2 where the vacuum Rabi splittings to the bare transition energies were 24 and 19 %, respectively. [15] In this regime,w hich arises when the vacuum Rabi splitting amounts to anoticeable fraction of the coupled transition energy,t he theoretical description based on the Jaynes-Cummings Hamiltonian with the rotating-wave approximation becomes insufficient because contributions from the anti-resonant terms and dipolar selfenergy become non-negligible. [15, 16] Here,f itting the polaritonic detuning branches (Supporting Information, Figure S2 ) with the coupled oscillator models for both the strong and ultra-strong coupling results in as lightly better fit for the model for USC (evident from ar oughly 30 %l ower sum of squared residuals). From the asymptotic convergence of the two modelled polariton branches,w ed erive av alue of 28 cm À1 for the vibrational polaritonic band gap.F urthermore,t he polaritonic peaks are narrower than the cavity mode (36 cm À1 vs.5 5cm À1 for the example in Figure 2A) indicating again that the system is in an on-Markovian regime. [15, 16] To assay the enzymatic activity of the pepsin under VSC, ap rofluorescent substrate Sw as designed and synthesised based on a11-residue peptide with aFRET pair consisting of ATTO488 and ATTO532 and N-and C-terminal PEG arms (structure given in Figure S3 Ai nt he Supporting Information). [17] Thetwo main pepsin cleavage sites appear to be Leu-4/Ser-5 and Ser-5/Arg-6 (Supporting Information , Figure S4 D,E) from the mass spectrometry analysis.T he steady-state parameters k cat and K m were estimated 45 AE 11 min À1 and 208 AE 81 mm,respectively,(Supporting Information, Figure S4 C) outside the cavity.T his reaction can be monitored by time-based fluorescence measurements as digestion lifts the quenching of ATTO488 restoring its emission around 520 nm (Supporting Information, Figure S4 A,B) . Figure 3B displays two examples of product concentration traces measured with an initial substrate concentration of 0.4 mm in different conditions.T he blue and green curve represent data measured in cavities for off-and on-resonance, respectively,w ith the water OH stretching band. Reaction progress in the on-resonant cavity is clearly slower than the off-resonance case.T hese examples illustrate the general trend we observe when executing the pepsin-catalysed digestion of Si nc avities tuned across the OH stretching transition. Figure 3C displays the measured apparent secondorder rate constants k cat /K m as afunction of the position of the cavity mode closest to the coupled water band (predominantly the 6th or 7th order mode). Thet hicknesses of available spacers restrict us to scanning the OH vibration from 3200 to 3550 cm À1 .Inthe absence of cavity effects,that is,w hen observed in ac ell, the observed rate constant is 0.450 AE 0.038 mm min À1 (mean AE standard deviation;d enoted in Figure 3C as ablack line in agray area). Therate constant reduces to about 0.100 mm min À1 for on-resonance cavities tuned to the maximum of the water OH stretching band. This represents anearly 4.5-fold reduction in the apparent second order rate constant k cat /K m .T he detuning dependencye ssentially follows the shape of the water OH band as can be noted from the overlay of the measured data and the water absorption coefficient (i.e.the imaginary part of the complex refractive index) in Figure 3C .O verall, the cavity tuning response demonstrates the effect of strong coupling the water OH stretching band on the proteolytic activity of pepsin.
Thef indings reported here are consistent with the fact that coupling av ibrational mode to ap hotonic cavity alters the potential energy landscape causing modifications of ground-state reactivity. [1, 2, 5] However,t here are still two possible scenarios for the modification of the enzymatic activity.One is the direct modification of the chemistry in the active site and the other the perturbation of the tertiary structure of the enzyme.B oth scenarios might be present simultaneously and competing,g iving rise to the overall observed effect.
Given the previous work of our group and of others, [1, 4] it can be argued that the chemical step,i nvolving the nucleophilic attack of the water molecule hydrogen-bonded in the active site ( Figure 1B) , is altered. Forthis not to be the case, the vibrational transition energies of this water molecule would need to be shifted to values beyond the polaritonic gap region, that is,less than 3000 cm À1 or greater than 3700 cm À1 , in order to be completely decoupled from those of the bulk water. Such shifts seem unreasonably large judging by the literature on anion water solvation. [18] Unfortunately,q uantum mechanical/molecular dynamics studies on aspartic proteases do not address this question directly (see ref. [19] and references therein).
On the other hand, the proper function of pepsin depends on its folding as ag lobular protein and substrate binding/ product release in its natural and necessary environment, namely water. [11, 14] VSC of water could potentially affect the balance of intermolecular forces,s uch as hydrogen bonding, van der Waals interactions,a nd hydrophobic interactions, governing these equilibria. [11, 13] Alterations of this kind would automatically lead to changes in the observed values of k cat and K m as the enzyme conformational distribution/dynamics and enzyme-substrate/product interactions would all be modified. It is worth bearing in mind that relatively small Gibbs free energy differences are involved here, [14] meaning that asmall energy change could have noticeable consequences on observable equilibria and kinetics.
One could expect that there is also an effect from strongly coupling the OH bending band at 1642 cm À1 .F or the current cavity configuration and reaction buffer,b ringing ac avity mode in resonance leads to avacuum Rabi splitting of about 164 cm À1 or 10 %o ft he bare transition energy (Supporting Information, Figure S5 ). This value exceeds both the linewidth of the bare transition and of typical cavity mode (91 cm À1 and 31 cm À1 ,r espectively). Thel ower value is essentially due to the lower oscillator strength of the bending vibration compared to the stretching vibration as the Rabi splitting is also the dipole interaction energy between matter and cavity field (in the Jaynes-Cumming model). [3] [4] [5] The characteristic dispersive behaviour of both polariton branches can be readily observed in both cavity-length and angledependent detuning experiments.N evertheless,n oe ffect from coupling this mode could be detected in the kinetic data (see the Supporting Information). Thelarge difference in response between the stretching and bending vibration is not something intrinsic to the VSC of these bands and probably points to mechanistic aspects of pepsin hydrolysis not yet fully understood. However,g iven the spread of measured initial digestion rates,asmall effect might still be present but not resolvable.P revious work on VSC modifications of organic reactions also shows that the rate constants depend on the vacuum Rabi splitting in an on-linear, typically an exponential way. [1, 2] If this is the case for the proteolytic reaction studied here,then it could contribute to making the effect of the VSC of the bending mode undetectable.I no ur case,t he vacuum Rabi splitting for the bending mode is significantly smaller than for the stretching mode (i.e.164 cm À1 or 10 %of the bare transition energy of bending vibration versus approximately 700 cm À1 or 21 %o ft he bare transition energy of stretching vibration, respectively). Nevertheless, in previous measurements of chemical reactions under VSC, clear effects were observed while attaining vacuum Rabi splitting between 5and 10 %ofthe bare transition energy. [1] It is important to point out that, similarly,o nly as ubset of vibrational modes was found to perturb the reactions rates under VSC of organic molecules. [1, 2] In conclusion, we have succeeded in modifying the rate of an enzymatic hydrolysis reaction under strong coupling of the water vibrations.This presents us with acompletely novel and generic tool for altering the potential energy landscape of biological entities such as proteins and nucleic acid, as water is vital for the proper functioning of almost any biological molecule.T his opens up new avenues in studying biological hydration and its consequences on conformational dynamics and enzymatic performance, [11] or vibrational dynamics and energy flow relevant for (bio)chemical reactivity. [20] While the details of the mechanism of VSC on molecular systems are not yet fully understood, further investigations on simpler models,b oth experimental and theoretical, [5, 21] will provide more insight. Consideration of the structure-function relationships and reaction mechanisms at play in such system will be critical to unveil all the subtle effects of VSC on biomolecules.Finally,examining other enzymes and targeting intrinsic protein vibrations using the cooperative effect might uncover different effects (for example,a ctivity enhance-ments) as already seen for other chemical reactions under VSC. [1, 2] 
